To evaluate the effect of grinding and sandblasting on the microstructure and flexural strength of partially sintered yttria stabilized tetragonal zirconia polycrystals (Y-TZP) ceramic, 60 bars from each material were randomly divided into four groups of fifteen. For each group, a different surface treatment was applied: grinding, sandblasting and grinding + sandblasting, and a control group. The flexural strength and Knoop microhardness were determined and data were analyzed using one-way analysis of variance (ANOVA) (F = 38.962, P<0.001), followed by Tukey's honestly significant difference (HSD) test (p<0.05).The phase composition was assessed by X-ray diffraction (XRD). In flexural strength, statistically significant differences (p<0.05) were found between the as-sintered group (901.49±33.42 MP) and other group materials. However, no significant difference was found between the ground group (1168.16±90.01 MP) and the sandblast group (1120.11±50.1 MP). There were statistically significant differences between the ground + sandblast group (1260.59±77.2 MP) and other groups (p<0.05). In Knoop microhardness, no significant difference (P>0.05) was identified between groups. Results indicate that the ground of partially sintered Y-TZP ceramic may provide a powerful technique to strengthen Y-TZP in clinical practice. Sandblasting of surfaces is recommended to increase the strength of dental Y-TZP.
INTRODUCTION
Metal-free, all-ceramic restorations have become more widely utilized due to their high esthetic potential and their excellent biocompatible properties (Della Bon et al., 2004) . Some high-strength materials are designed for Computer Aided Design/Computer Aided Manufacturing (CAD/CAM) in which the core structure is milled from a presintered block of an oxide ceramic. Due to the optical opacity of these materials, they are covered with veneering ceramic, usually feldspathic types, with esthetic characteristics similar to the natural tooth substance (Øilo et al., 2008 However, recent studies indicate that directly machined ceramic restoratives suffer from persistent near-surface damage during the machining process due to the brittleness and low damage tolerance of ceramic (Rekow and Thompson, 2005) . Post-machining surface modifications such as films and coatings have been proposed to minimize machining-induced defects (Thompson et al., 2007) . This inevitably increases complexity and costs. Fabricated ceramic dental restorations from partially sintered yttria stabilized tetragonal zirconia polycrystals (Y-TZP)-based ceramic core materials can decrease milling time, reduce the wear of milling components (Willer et al., 1998) and reduce the potential for the inclusion of material defects throughout the milling procedure (Luthardt et al., 2004) .
Zirconia is a polymorphic material that exists in three 
Ground + sandblast (GS)
Grinding partially sintered Y-TZP ceramic with coarse grit (150 mm) diamond burr (at 20,000 revolutions/min ) with water spray cooling, then sandblasting-sintered Y-TZP ceramic for 15 s with Al2O3 particles (average particle size 110 mm) at pressure of four bars at a distance of 2.0 cm.
allotropes: cubic (c) (from 2680°C, the melting point, to 2370°C); tetragonal (t) (from 2370 to 1170°C); monoclinic (m) (from1170°C to room temperature). When, upon cooling, the spontaneous transformation from the (t) phase to the more stable (m) phase occurs a simultaneous, noticeable volume increase of the crystals (4 to 5%) ensues (Swain and Hannink, 1989; Zarone et al., 2011) . The addition of a stabilizer, such as yttria to zirconia-based ceramics has been identified to stabilize the zirconia in the tetragonal phase, resulting in the formation of a Y-TZP ceramic (Curtis et al., 2006) . The routine employment by dental practitioners of surface modification techniques, such as alumina abrasion and surface grinding regimes have been identified to result in the generation of a surface compressive layer, resulting in an increase in the mechanical properties and a reduction in the reliability of Y-TZP ceramics (Luthardt et al., 2004; Zhang et al., 2004; Curtis et al., 2006; Øilo et al., 2008) . Dental literature has focused on studying the effect of different surface treatments on the strength of densely sintered zirconia-based materials and reduction in strength has generally been associated with the degree of surface damage ( Luthardt1 et al., 2002; Luthardt et al., 2004; Zhang et al., 2004) . The effect of CAM milling on the properties of partially sintered Y-TZP ceramic is not fully known. The aim of this study was to evaluate the effect of grinding and sandblasting on the microstructure and flexural strength of partially sintered Y-TZP ceramic.
MATERIALS AND METHODS
Specimens were prepared from as-received Y-TZP powder containing 3 mol% Y2O3 (TZ-3YB-E, Tosoh Co., Tokyo, Japan). The powder comprised approximately 27 nm crystallites aggregated to form larger 0.6 μm particles. Bend bars were uniaxially pressed at 25 MPa, and then cold isostatically pressed at 180 MPa. After isostatic pressing to achieve a relative density of 46%, the green compacts were sintered using various two-step firing schedules. Typically, a sample was heated at 5°C/min to temperature T1 (900°C) in a sintering oven (NaberthermLHT04\17\C42, Germany), kept at 900°C for 2 h to obtain partially sintered ceramic blanks and then immediately cooled. After first firing, 60 bend bar specimens (20×5×3 mm) were divided into four groups of fifteen. For each group, a different surface treatment was applied to the top surface of the specimens, as shown in Table 1 .The specimens in Group AS and Group GS consisted of untreated controls. Specimens in other groups were cut with a diamond blade from a block of partially sintered Y-TZP ceramic. All specimens were sintered at 20 to 1,350°C, using a rise time of 3 h, and kept at 1,350°C for 2 h. The relative density of sintered specimens was determined by the Archimedes method, using distilled water as the immersion liquid.
The relative amount of the monoclinic phase before and after the surface treatments were determined by X-ray diffraction (XRD) analysis (Philips PW 1830 Generator) using CuKa radiation. After second sintering, the relative amount of the monoclinic phase on the treated surfaces was determined according to the method of Chevalier (Chevalier et al., 1999) . This method is most commonly applied to determine the phase composition of zirconia powders.
Microhardness was measured with a Knoop indenter at four points on the tensile stress surface of each bar. The indentations were made with 500 P for 10 s. The bars were loaded in a threepoint flexure device (15 mm span) at a cross-head speed of 0.5 mm/min in a universal testing machine (Instron5565, Instron Limited, Canton, USA). The load to failure was extracted from a computer-generated file, and the flexure strength (MPa) was calculated using the relevant formula10 (Xiao-ping et al., 2002) . The statistical significance of differences between data was analyzed with one-way analysis of variance (ANOVA), followed by Tukey's HSD test at a significance level of 0.05.
Scanning electron microscopy (SEM) was employed to examine the surface of the ceramic specimens to identify the impact of milling and alumina abrasion on the morphology of the Y-TZP ceramic surfaces. The bars were rinsed with 96% ethanol and airdried, mounted on metallic stubs, gold sputter coated. Each SEM was performed using a scanning electron microscope (Model S-4500, Hitachi, Tokyo, Japan) with an operating voltage of 20 kV.
RESULTS
The relative density of the as-sintered bars was 98.4±0.2%. A typical SEM micrograph for the as-sintered specimens is shown in Figure 1 . The average grain size of the as-sintered specimen was 0.55 μm.
Three-point bending flexural strength was determined and data were analyzed using one-way ANOVA (F=38.962, P<0.001), followed by Tukey's HSD test (p<0.05). Statistically significant differences (p<0.05) were found between the AS group (901.49±33.42 MP) and other group materials. No significant difference was found between the group G (1168.16±90.01 MP) and S (1120.11±50.1 MP). Statistically significant differences were evident between the group GS (1260.59±77.2 MP) and other groups (p<0.05). In Knoop microhardness, no significant difference (P＞0.05) was identified between group. Figure 2 shows the XRD patterns before and after grounding partially sintered Y-TZP ceramic specimens.
The surface of before-ground bars comprised 11% 
DISCUSSION
Grinding of Y-TZP sintered ceramics has been previously observed to produce conflicting results, namely, increased flexural strength and fracture toughness and decreased reliability of the restorations (Swain, 1985; Doremus, 1992) . Swain (1985) determined that the improved performance of ground Y-TZP ceramics is related to the occurrence of a phase transformation mechanism and the formation of a surface layer of compressive stresses. The XRD pattern of the modified and unmodified surfaces of a disc-shaped specimen ground with a coarse grit diamond burr identified the phase transformation as a surface effect since the unmodified surface retained the original peak distribution compared with the ground surface, which exhibited a modified surface phase distribution. During grinding, tens of microns of material were removed by a single pass as the burr was moved back and forth across the surface. Sparks were commonly observed, indicating that both stresses and temperatures were high during this operation. Previous work has shown that severe machine grinding is less effective in initiating the t → m transformation in TZP materials (Swain and Rose, 1986; Chen et al., 2010) . In addition, Swain and Hannink (1989) reported that hand-ground ceria-stabilized TZP surfaces contain approximately five times more monoclinic zirconia than severely machine-ground surfaces of the same material. This, they argued, is because extensive heat is generated during severe machine grinding in spite of a stream of coolant directed near the cutting edge during grinding. As a result, locally developed temperatures exceed the m → t transformation temperature and the reverse m → t transformation occurs. In contrast, the forward t→ m transformation is retained upon hand grinding at lower speed and grinding force, which is not associated with extensive heat generation. Therefore, based on almost negligible amounts of transformed zirconia upon grinding under conditions used in our work, the locally developed temperatures are assumed to have exceeded the m → t transformation temperature (about 700°C), above which the tetragonal zirconia is thermodynamically stable. However, due to high stresses developed during grinding, severe surface cracks must have been formed, which lowered the strength and reliability of the material.
In the current study, when machining partially sintered ceramics, the amount of m-phase increased by 3.7 mol% (Figure 2) . Consequently, the strength of zirconia was increased by nearly 200 MPa (Table 2) . Grinding may introduce residual surface compressive stresses that considerably increase the strength of zirconia-toughened ceramics. On the other hand, severe grinding may introduce deep surface flaws that act as stress concentrators, which become strength-determining if their length significantly exceeds the depth of the grindinginduced surface compressive layer. Partially, sintered samples were not fully sintered, no grain boundary was formed and only the mechanical embedded force existed between the grains. Therefore, the secondary sintering process may also "heal" some machining-induced damages (Figure 3) . However, the Knoop microhardness of the group G specimens (624.3±37) was not revealed to be significantly greater than Group AS (612.2±34). The microcracked zone caused by grinding may only affect the surface of the ceramic. No effect on the internal structure was observed (Figure 4) .
Sandblasting is considered a more gentle process, during which considerably less material is removed from the surface. Despite the sandblasting-induced flaws, this procedure greatly increased the mean flexural strength of the specimens. The Group GS has the greatest flexural strength ( Table 2 ). The improved flexural strength is related to the significant amount of monoclinic phase detected after sandblasting (12.4%). The transformed monoclinic phase creates a layer of compressive stresses, which counteracts the strength degradation caused by the sandblasting-induced flaws (Kosmac et al., 1999, 2000). The improved flexural strength of the Y-TZP specimens highlighted the toughening mechanism as a result of the phase transformation mechanism which generated a transformation compressive stress that opposes the externally applied, crack-propagating tensile stress, the extent being dependent upon the volume and area of the transformed zone (Curtis et al., 2006; Pereira et al., 2011) .
When the zirconia core framework was obtained via sintering to full density, there was a similarity in the micrograph of the fracture surface between the Group S and Group1 GS Y-TZP ceramic (Figure 4 ).
Conclusion
Our results indicated that the grinding of partially sintered Y-TZP ceramic may provide a powerful technique to strengthen Y-TZP in clinical practice. Sandblasting with aluminum oxide of ground surfaces may be recommended to increase the strength of dental Y-TZP ceramic. In addition, the presence of grinding and sandblasting were not identified to have a detrimental effect on Knoop microhardness of the Y-TZP specimens. The strength increase was due to the generation of a toughening mechanism due to the phase transformation mechanism.
